Reduction Reaction (ORR) was studied using density functional theory (DFT). The active site of the catalyst was studied, the ORR reaction path was analyzed, and the mechanism was discussed. The results show that similar to N-doped graphene, ORR reaction intermediates absorbed on the neighbor carbon atom adjacent to the oxygen atom. The doped graphene has obviously catalytic effect on absorbed OOH and O2, and the reaction follows the four-electronic transfer path.
INTRODUCTION
In recent years, with the rapid development of economy, the excessive use of fossil fuels such as coal and gas, and the resulting greenhouse effect and pollution of environment have posed a serious challenge to human survival. Low temperature proton exchange membrane fuel cell (PEMFC) can convert chemical energy through the electrode reaction directly into electrical energy with high efficiency. The reaction does not involve burning and the product is water, which cause less environmental pollution. So, it is regarded as an ideal power source replacement of traditional internal combustion engine. At present, one of the main problems hindering the industrialization of the fuel cell, is that oxygen reduction reaction (ORR) occurred on the cell cathode need precious metal platinum (Pt) as catalyst, which has limited reserves and is costly.Therefore, raising the utilization rate, reducing consumption of platinum, and developing low cost, high performance and high stability of non-Pt catalyst become a hot research topic. [1, 2] Graphene is a two-dimensional carbon material composed of SP2 hybrid carbon atoms, with unique physical and chemical properties. Because of its good electrical conductivity, and catalytic activity after doping, graphene doped with non-metallic atoms as oxygen reduction reaction (ORR) catalytic electrode materials of fuel cells, is attracting more and more interests. [3] It was found that carbon nanotubes [4, 5] and graphene [6, 7] doped with N atoms possess good catalytic activity for ORR, which is equal or even higher than commercial Pt/C catalyst. Dai, et al. [4] argued that this kind of high catalytic activity is due to the larger electronegativity of N (3.04) compared to C (2.55), which can generate positive charge density distribution at carbon atoms adjacent to the impurity. Positive charge is beneficial to O2 adsorption and elementary oxygen reduction reaction. In addition, smaller electronegativity elements than C atom are introduced into graphene, such as B [8] [9] [10] [11] and P [12] . The results showed that doping atoms can change the electrical properties and chemical activity of graphene system, and have very good catalytic effect on oxygen reduction reaction. Recently, S-doped graphene has been synthetized through various methods, and showed catalytic activity comparable to N-doped graphene system. [13] [14] [15] In theoretical aspect, oxygen reduction reaction mechanism was studied on various nonmetallic element doped graphene based on density functional theory. The results showed that N-doped graphene [16] [17] [18] and Sdoped graphene [19] , are efficient catalysis for oxygen reduction reaction on the electrode. Yu, et al. [18] studied the impact of solvent and coverage on catalytic reaction in detail, and they agreed that "four-electron transfer pathways" in oxygen reduction reaction is the optimal path. Xia, et al studied influence of the dopant position of Ndoped graphene on oxygen reduction-oxygen precipitation reaction [17] , analyzed four configurations of S-doped graphene by using clusters model, and the path of the oxygen reduction reaction [19] . Being firstly found, much research works both experimental and theoretical focused on N-doped graphene. Similar to N, the electronegativity of O is larger than C, but experimental and theoretical research on O-doped graphene system for oxygen reduction reaction catalysis are rarely reported. In this paper, using first principle calculation method based on density functional theory, O-doped graphene is studied as the catalysis of oxygen reduction reaction in acid environment, and the catalytic mechanism is discussed.
II. METHODS
In this paper, calculations on electronic properties of doped graphene and its adsorption properties were carried out, using Vienna ab-inito simulation package (VASP) based on spin-polarized density functional theory [20] . Projector-augmented wave (PAW) method describes the interaction between the ion core and electron. Electron exchange-correlation function is represented by the generalized gradient approximation (GGA), and the model of Perdew-Burke-Ernzerhof (PBE) is used for the nonlocal corrections. A kinetic energy cutoff of 500 eV is used with a plane-wave basis set. Graphene cell uses 4 * 4 * 1, a total of 32 atoms, with a vacuum space of 20 Å. The integration of Brillouin zone was conducted using the 11*11*1 Monkhorst-Pack grid with the Γ-point included, and the error of the energy was set not larger than 0.01 eV. Atoms were relaxed and convergence precision was -0.02. H, C, O, and S atoms' valence electron configuration are respectively H 1s1, C 2s22p2, O 2s22p4, and S 3s23p4. Spin was considered in the calculation.
Adsorption energy is defined as, Ead= Egra+M -(Egra + EM) Egra+M refers to the graphene system energy after doping atoms and adsorbing molecules, Egra refers the graphene system energy after doping atoms, EM is the energy of molecules. Free energy change ΔG: ΔG = ΔE + ΔZPE -TΔS. Free energies of the ORR intermediates in electrochemical reaction pathways were calculated based on a computational hydrogen electrode (CHE) model suggested by Nørskov et al., here ΔE is the total energy change directly obtained from DFT calculations, ΔZPE is the change in zero-point energies, T is temperature(298.15 K), and ΔS is the change in entropy.
III. RESULTS AND DISCUSSION

A. Oxygen-doped graphene
As shown in Fig. 1 (a), 4 * 4 * 1 graphene cell, a total of 32 C atoms, are selected. Replaced one C with O atom, O-doped graphene system model was built. In the figure, the yellow circles denote C atoms, and the pink circle is O. It is generally accepted that dopant atoms and the nearby C atoms form bonds in doped graphene, resulting in electronic charge density redistributes. The charged atoms could be the catalytic active positions. Therefore, researchers first discussed ORR catalytic activity position of O-doped graphene by analysis of charge distribution and density of states.
After optimizing the structure of above model, Bader charge analysis is used for each atom of O-doped graphene system to obtain quantity of charge. The charge distribution of O and nearby C atoms is shown in Fig. 1 (b) . The charge on the C atoms in intrinsic graphene is very small, and evenly distributed. In contrast, charge redistribution happened after doping. That is, net charge distributed on the dopant and other atoms. In the figure, the red balls denote positively charged atoms, and the green ones are negatively charged atoms. Negatively charged O atom gains 1.045e, while three positively charged adjacent C atoms lose 0.0645e, 0.2093e, 0.2093e, respectively.
Zhang et al. [17, 21] studied ORR catalytic mechanism of N-doped graphene in the fuel cell, showing that ORR catalytic active sites are closely related to unevenly distributed charge. Therefore, the C atoms of intrinsic graphene do not have catalytic activity. After doping, the N atom was negatively charged, while the C atoms adjacent to the N atom lost electrons and became positively charged. These C atoms act as the catalytic active sites of ORR. Like N-doped graphene, in O-doped graphene, the results show that the O atom gains electrons, negatively charged. The C atoms adjacent to the O became positively charged, showing that charge transferred between O atom and the nearby C atoms.
Analysis of partial density of states (PDOS) variation before and after doping is a common method to study interaction between atoms and the charge transfer. Fig. 2 shows the calculated total density of states (TDOS) of Odoped graphene, and partial density of states (PDOS) of S and neighbor C atoms. Among them, (a) shows total density of states of O-doped graphene, (b) shows density of state of O atom, (c) shows density of state of neighboring C atoms. For comparing, the figure also shows the density of state of an isolated O atom and a C atom in intrinsic graphene. Here, (d) shows isolate O atom, (e) shows C atom in intrinsic graphene; In addition, in terms of different types of valence electrons involved in bonding, in (b), (c), (d) and (e), the black lines denote s state partial density of state, the red line denotes p state partial density of state.
From Fig. 2 (b) , (c), it can be seen that O and C atoms in graphene strongly interacted, after doping. There are evident overlaps between the electronic states of two atoms. The main interaction occurs between p electronic states of O and C, as shown in (b). Two resonance peaks in O atomic partial density of states appeared. One is located around the Fermi level, and another one is located 4eV above Fermi level. There also formed a weak energy band between -4eV and -8eV under the Fermi level, as shown in Fig. (d) . Compared to isolated atom, after being doped into graphene, the energy levels of O atom split and extended into bands. Because the density of states 4eV above Fermi level corresponds to the empty state, or with no electrons filling, Fig. 2 (b) shows that O atom loses electrons after doping. Similarly, comparing Fig. 2 (c) and (e) to analysis of electronic gain and loss on C atoms in graphene. It can be seen that the Fermi level is in the middle of band gap in Fig. (e) , density of state is almost zero at Fermi level, and the Fermi level is shifted to the high energy after doping. The peaks of density of state appeared, making the former empty states occupied by electrons, showing that the atom gaining electrons. The above results are consistent with the results obtained by Bader charge analysis.
It is generally accepted that positively charged atoms are conducive to adsorption of intermediates or atom groups in ORR, becoming the catalytic activity sites. Therefore, the active sites of N-doped graphene are C atoms adjacent to N atoms. Like N-doped graphene, carbon atoms adjacent to dopant oxygen atom obtained positive charges after doping. As a reasonable inference, the active sites of O-doped graphene are also C atoms. The following ORR reaction process optimization showed that O2 and OOH tended to adsorbed on C atoms adjacent to O, which confirmed this conclusion.
B. ORR reaction paths
The research shows that ORR on the fuel cell cathode has two paths, one is four-electron transfer path, O2 + 4H+ + 4e-→ 2H2O, and O2 is directly reduced into H2O, without the formation of intermediate H2O2. Another one is two-electron transfer way, O2 + 2H+ + 2e-→ H2O2, producing intermediate H2O2. The former path is more efficient. Zhang et al. [17] have found that fourelectron transfer path dominated in the ORR reaction of doped graphene, therefore researchers are more interested in four-electron path and will discuss it.
There are two different mechanisms (Path I and II) following Yeager's dissociative mechanism or Damjanovic's mechanism [19] , as follows. ORR four-electron transfer steps simulation are shown in Fig. 3 . Firstly, OOH adsorbs on the surface of O-doped graphene, forming G-OOH after optimization, as shown in Fig. 3 (a) . Then, H is added to the structure and made close to the O atom far from the graphene plane in OOH. After optimization, researchers find that O-O bond is broken, forming a H2O molecule and O atom adsorbed on graphene (G-O), as shown in Fig. 3 (b) . After that, adds the second H to the structure, and make it closing to the G-O, forming G-OH after optimization, as shown in Fig. 3 (c) . In the end, adds the third H into the system, resulting in C-O bond breaking and the second H2O forming, as shown in Fig. 3 (d) . The above simulation shows that ORR catalyzed by O-doped graphene follows four-electron transfer paths indeed. Table 1 shows, adsorption energy, adsorption distance, the distance between atoms and charge transfer when graphene adsorbs different intermediate forming G-OOH, G-O2, G-OH and G-O. In the four-electron reaction, adsorption of OOH or O2, is the first step of ORR, and is also a key step. This is because that O-O bond rupture is the prerequisite of four-electron transfer path occurring. Dissociation energy of molecular state O-O bond can be as high as 494KJ/mol. However, after adsorbing on graphene, because C and O atoms have stronger interaction, O-O bond energy can be significantly reduced, making subsequent O-O bond rupture reaction possible. Therefore, researchers first focused our study on the states of doped graphene after adsorption of OOH and O2. Fig. 4 shows the structure of O-doped graphene adsorbing OOH before and after optimization. Here, letter a, a' stand for the structures before optimization, and b, b' stand for the optimized structure. Letter a, b stand for the side view before and after optimization, and a' b' stand for vertical view before and after optimization. The yellow balls denote C atoms, pink balls O atoms, and brown balls H atoms. O atom initially is placed on the top of C atom, and OOH perpendicular to the surface of graphene. After optimization, C atom close to dopant O sticks out of graphene plane of 0.7324Å, as shown in Table 1 , which forms a tetrahedron structure, as shown in Fig. 4(b) . O and C atoms getting close to each other, the length of C-O bond is 1.263Å, while the length of O-O bond is 2.2326Å, as shown in Table 1 . The energy of graphene adsorbing OOH is -2.311eV. After optimization, O-O bond length in OOH increases from the isolated state of 1.320Å to 2.2326Å. It shows that, OOH and graphene form strong chemical bond. At the same time, the adsorption weakens O-O bond, causing increases of the bond length.
In order to understand the catalytic effect deeply, researchers further studied the related mechanism by the density of states analysis. Fig. 5 shows density of states of O-doped graphene adsorbed with OOH. Here, Fig. (a) represent the total density of states of the system, and (b) for the partial density of state of O atom, (c) for partial density of state of C atom near the OOH, (d) for partial density of state of O atom near to impurity O atom, (e) for partial density of state of O atom far away from impurity O atom, (f) for partial density of state of H atom. The black lines denote s state partial state density, and red lines denote p state partial state density. Fig. 6 shows partial density of states of the dopant O atom before and after adsorption of OOH, including (a) before adsorbing OOH, (b) after adsorbing OOH. Fig. 7 shows partial density of state of O atom in OOH before and after adsorption, in which O is the one close to dopant O atom. Here, Fig. (a) is before adsorption, and (b) after adsorption.
Comparing Fig. 5 with Fig. 2 , researchers can see that, before and after adsorbing OOH, the density of state of the system changed, especially the dopant O atom. From Bader analysis results are presented in table Ⅰ. From the table, OOH gains overall 2.054e electron charge after adsorption. After further analysis, researchers find that the dopant O atom loses 1.216e electron charges after adsorption. Therefore, the gained charge of OOH should be partly derived from the C atoms, and partly from the dopant O atom, which plays the role of a bridge. From Fig.  6 , researchers can see that, in addition to p electron states, s electron states also evidently changed, and simultaneously filling of the states, which could be attributed to the change of O atomic hybrid states after adsorption.
It is important to further analyze and understand catalysis mechanism of O-doped graphene.
Adsorption process of O2 on the graphene is also optimized, and the results are similar to OOH adsorption. After O-doped graphene adsorbing O2, the C atom near to the dopant O atom protrudes graphene plane with 0.8812Å forming a tetrahedron structure. The length of C-O bond is 1.4111Å, and the length of O-O is 1.5212Å, as shown in table 1. The length of O-O bond changes from the isolated state of 1.320Å to 1.5212Å. Compared with the adsorption of OOH, O-doped graphene has less impact on O-O bond interaction. At the same time, the adsorption energy of O2 is 0.856eV, less than the adsorption energy of OOH 2.311eV. It suggests that, because O-doped graphene has larger adsorption energy to OOH, G-OOH is more stable than G-O2 in energy, which could infer that OOH adsorption in the first electron transfer step reaction may be a more possible way to happen in ORR. Figure 3 . Four-electron pathway of ORR (a) oxygen-doped graphene adsorbing OOH; (b) O-O bond broken after first H introduced, and one H2O is generated; (c) Second H is introduced into structure and OH is generated; (d) the third H is introduced, and another H2O is generated. 
IV. CONCLUSIONS
By using density functional theory (DFT), researchers studied the ORR catalytic reaction process occurring on the Oxygen-doped graphene. The results showed that, the catalytic active sites of ORR were C atoms adjacent to the dopant O atom. Through analysis of the charge distribution and the density of states, researchers found that C atoms adjacent to dopant O atom lost electrons, and positively charged. The optimization of various intermediates adsorption process showed that the ORR reaction occurring on O-doped graphene follows the way of four electrons path, in which OOH adsorption is more likely to happen than O2 adsorption. And further study is needed to understand the ORR mechanism of O-doped graphene, which has significance of guiding experimental works.
